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ABSTRACT 
 In the early 2000s, a key study revealed that firefighters often lack accurate 
information at fires. It found that in 17 incidents between 1979 and 2001, firefighter 
disorientation contributed to 23 fatalities. In each of these incidents, firefighters ran out 
of air from disorientation in prolonged, zero-visibility conditions where the fire had 
caused structural collapse or blocked egress. If there were a way to locate the fire faster, 
fewer firefighters would become disoriented, thereby saving lives. Thus, there is a 
pressing need for advanced alarms that provide firefighters with not only a geolocational 
reading of each alarm, but the temperature and smoke density as well. Such a system 
could also provide a map through Bluetooth connectivity to a firefighter’s thermal 
imaging camera, allowing a firefighter to locate the fire faster. In theory, replacing 
standard smoke alarms with this proposed new system would provide visual data on the 
fire to help determine its growth, allow for quicker fire extinction, and prevent future 
firefighter fatalities. Using a modified version of George Heilmeier’s catechism, this 
thesis lays out the blueprint for a new sensor technology to be integrated with current fire 
alarm plans to help firefighters locate fires more swiftly and safely. 
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A fire officer’s ability to read smoke at the scene of a residential or commercial 
structure fire to determine the fire’s location contributes to the success or failure of the 
entire incident, possibly leading to injuries or deaths of the firefighters performing any 
interior operations. This thesis describes the difficulties that fire officers encounter while 
trying to locate the seed of the fire; examines the consequences of firefighters’ not having 
an accurate location of the fire, such as firefighter disorientation; and offers one possible 
solution. This thesis establishes the issue while building the foundation for a solution, 
leaving the evaluation of alternative solutions to future researchers. 
In the early 2000s, a pivotal study revealed that firefighters do not have 100 percent 
accurate information at the location of a fire. The study uncovered 17 documented incidents 
between 1979 and 2001 in which firefighters did not have an accurate location for the fire, 
resulting in 23 firefighter fatalities.1 As a result of this report and subsequent injuries and 
deaths, the fire industry has worked diligently to form solutions that could decrease injuries 
resulting from firefighters’ becoming disoriented. Some of the solutions created through 
the years have helped in different ways. The challenge for most firefighters is that almost 
no two buildings are alike. Even businesses that have multiple locations are designed 
differently because of the physical layout of the land parcel or the grading of the land, 
among other variables. Therefore, while some solutions may work for one building type, 
they may not work in another. Therefore, universal solutions—such as the design presented 
in this thesis—are needed. 
The premise of this thesis is to combine existing technologies for the betterment of 
firefighters. For example, smoke sensors identify not only the presence of smoke but also 
temperature and smoke density; GPS sensors can lead firefighters to the hottest smoke 
alarm; and a syncing platform, such as an Arduino Nano base, combines all of the 
technologies to send readings and results to a larger fire alarm panel. The panel would use 
 




Wi-Fi connectivity to link thermal imagining cameras to route firefighters to and from the 
fire. 
This thesis also references the 2007 Super Sofa fire in Charleston, South Carolina, 
which claimed the lives of nine brave men. Their deaths were a result of disorientation—
the firefighters located the fire, but the building construction and amount of oxygen feeding 
the fire caused the fire to grow rapidly. The firefighters quickly learned that they did not 
have the manpower or water supply in the building to battle the blaze, and during their 
attempt to exit the building, they became disoriented and, unfortunately, died. While the 
proposed technological solution might not have saved the lives of these firefighters, it 
might have given them a better chance of exiting the building than they had on their own. 
The technologies described in this thesis are not intended to endorse a product or 
company for profitable gains but proposed to create a safer environment for firefighters 
and reduce the loss of life and property from fires. Fires cost Americans billions of dollars 
annually, so a product that allows firefighters to find and extinguish a fire faster, while also 
providing them with technologies that help them enter and exit the building more safely, 




To my wife, who has been an amazing woman throughout this adventure: Over the 
last 18 months, our life has been a roller coaster—we got married, moved twice, changed 
careers, and had a new baby, our first daughter, Marleigh. I could not be happier to have 
someone so loving in my corner each day. I must also underscore the support of my mother, 
grandmother, great-grandmother, and all of my aunts. These women are some of the most 
incredible people I know. I want to thank my mother for working hard to raise my two 
brothers and me, at times having to work multiple jobs to make sure we had what we 
needed, sacrificing her own needs for us. I want to thank my grandmother, whom we lived 
with much of my life. She helped fill any gaps when she could. However, the love, support, 
and dedication of my mother and grandmother are no surprise because we were blessed to 
have my great-grandmother, Wilhelmina, who instilled those values. She also played a key 
role in my development, which is a true testament to her because she did not have a  
high school diploma. However, she had the vision to lead her children and grandchildren 
to a better future than her own. She encouraged her children and grandchildren to attend 
college and seek careers, so we would not struggle as she and my great-grandfather had. 
Most importantly, she had the wisdom to see the potential in us, and it is often hard for 
people to see and be the rainbow for others, including their children. However, she was our 
rainbow and much more. Now, I must not forget my Uncle Bryan, who also helped my 
mother raise us and played the role of father figure for me from a young age. 
xvi 




In the early 2000s, a study examined why and how firefighters become disoriented 
during fires. It uncovered 17 documented incidents between 1979 and 2001 in which 
firefighters did not have an accurate location for the fire, resulting in 23 firefighter 
fatalities.1 In 94 percent of the incidents, the first arriving fire unit to the scene reported 
neither light nor moderate smoke.2 The reading of smoke is a crucial skill for a fire 
commander, as its color and density can indicate the type, size, and stage of the fire. In all 
of these incidents, every firefighter who died became disoriented in prolonged, 
zero-visibility conditions because the fire spread quickly enough to cause structural 
damage that physically trapped and killed the firefighters or blocked the exits or entrances, 
making the firefighters run out of air while attempting to evacuate. Firefighter 
disorientation can occur for many reasons. For one, a firefighter can become separated 
from his crew because members of the team lose touch or sight of other members. 
Alternately, a kink in the hose line, used as a trail back to the entrance, may confuse 
firefighters and send them in the wrong direction. Also, a structural collapse may cause the 
firefighter or crew to seek an alternate route for evacuation, or a firefighter may become 
confused because he runs out of air from the air cylinder, causing him to remove the mask 
and become poisoned by carbon monoxide. 
During all 17 incidents, firefighters had attempted to engage and extinguish the fire 
when they became disoriented while experiencing zero-visibility conditions. As a result of 
this study, many fire departments adopted the “search and rescue bag” tactic to avoid 
disorientation.3 For example, a firefighter would tie one end of the rope to the main door 
 
1 William R. Mora, U.S. Firefighter Disorientation Study: 1979–2001 (San Antonio: San Antonio Fire 
Department, 2003), http://www.trispeceyegear.com/wp-content/uploads/2010/08/FirefighterDisorientation
Study.pdf. 
2 Mora, 3. 
3 Mike Mason, Rope-Assisted Search Procedures in Large-Area Structures (Fair Lawn, NJ: Fire 
Engineering University, 2014), https://ricofirerescue.com/wp-content/uploads/2014/05/FERAS
Particlelarge-area-structure.pdf. 
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entrance while carrying the remaining rope in the bag on his person to allow for a safe 
evacuation. 
Despite the adoption of new tactics, in the last two decades, firefighters have still 
perished from disorientation. Mora’s study addresses the tactical actions taken to 
extinguish the fire but neglects to identify and address the time elapsed from the arrival of 
the first fire crew entering the structure until the fire is extinguished. Yet this time lapse 
that the study failed to identify allows the fire to grow, which can cause the cascade of 
events already explained, from structural collapse to firefighter death. Therefore, if we can 
create a better way to locate the fire faster, then we can significantly reduce the number of 
firefighters becoming injured or disoriented. In theory, if the firefighter knows the location 
of the fire, then he or she will spend less time in zero-visibility conditions, reducing the 
chances of becoming disoriented, injured, or killed. 
Smoke alarms in commercial buildings give locational readings of smoke or heat 
depending on the type of alarm installed. While both smoke and heat alarms accurately 
assess the presence of fires, they are limited by smoke movement in pinpointing fire 
location. In the same way, when smoke is contained inside a building, not only will the 
smoke travel throughout the entire structure, but the heat will remain as well. Therefore, a 
smoke alarm needs to be created to give firefighters a locational reading of the activation 
as well as the temperature of the smoke. If a smoke alarm can give a temperature reading, 
a fire alarm that shows more than one smoke alarm activation could pinpoint which alarm 
is closest to the fire. 
A MICA2 sensor—known for transmitting temperature and light, sensing smoke 
density, and transmitting this information to a base station—has been tested as a source to 
identify wildfires but has experienced communication and power failures.4 However, 
building a sensor with an Arduino Nano board, GPS capability, and power sources could 
address the communication shortfalls of the MICA2 sensor. Still, the Arduino Nano base 
has not been built and tested for smoke recognition, unlike the MICA2 sensor. 
 
4 Prasanna Ballal, “Introduction to Crossbow Mica2 Sensors” (lecture, Automation and Robotics 
Research Institute, University of Texas at Arlington, 2007), https://lewisgroup.uta.edu/ee5369/ee5369%
20lectures/Introduction%20to%20Crossbow%20Mica2%20Sensors.pdf.  
3 
Nevertheless, the Arduino Nano board has more functional capabilities that would allow 
an engineer to build a more data-rich sensor. 
A. RESEARCH QUESTION 
To what extent will a wireless sensor network system reduce the elapsed time 
needed to locate a fire inside a commercial building? 
B. LITERATURE REVIEW 
This literature review evaluates relevant information regarding wireless sensor 
networks that are used for smoke detection and the need for a new smoke alarm. Elapsed 
time has not been identified as a key indicator for measuring success in extinguishing fires 
in commercial buildings. Many firefighters have been injured or killed as result of not 
locating a fire before its growth reaches its flashover point. Therefore, this literature review 
provides evidence to support the need for a better solution as the current available 
technology has been proven ineffective. 
Wireless network sensors and proposed broadband safety networks may offer 
significant advantages to firefighters in commercial fires. Balfour suggests many wireless 
network sensors have been created, much like the sensor described in his article, allowing 
firefighters to use such systems during emergencies, affording them the same convenience 
that cell phones give users.5 Balfour also suggests that having the “internet of everything” 
will give first responders access to all emergency systems in one network while en route to 
a call.6 Such a system would allow fire responders to see the building in three dimensions, 
providing enhanced situational awareness for fighting a fire. Real-time monitoring, 
coupled with a building database, would allow responders to see what types of materials 
are inside the building as well as the number of people, their physical condition, and exact 
locations. However, much like other technology regarding wireless sensor technology that 
 
5 Robert E. Balfour, “Building the Internet of Everything for First Responders,” in 2015 Long Island 
Systems, Applications and Technology (Farmingdale, NY: IEEE, 2015), 1–6, https://doi.org/10.1109/
LISAT.2015.7160172. 
6 Balfour’s “‘Internet of Everything’ (IoE) describes the bringing together of people, process, data, and 
things to make networked connections more relevant and valuable than ever before.” Balfour, “Building the 
Internet of Everything for First Responders,” 2. 
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might be used to track and locate a fire, it remains only a conceptual idea. For example, 
FirstNet—a proposed broadband communication system envisioned to connect all of 
emergency management in the United States and sponsored by the federal government—
has not provided a proof of concept nor has it released any information regarding the sensor 
and its functions that would provide evidence of its usefulness as a tool for firefighters.7 
Thus, the promise of wireless network sensors and broadband communication remains 
unrealized. 
The limited testing of wireless network sensors for firefighting does not generalize 
to commercial building fires. Unlike the conceptual FirstNet solution, Lutakamale and 
Kaijage used a wireless sensor network to detect wildfires in one of the few physical 
experiments conducted with wildfires in Tanzania.8 In this context, a wildfire activates a 
warning message via a cellphone network with the probable location of the fire. This sensor 
also has capabilities to detect smoke, temperature, and humidity. Thus, this sensor provides 
awareness of multiple safety concerns, yet its power sources and transmission range 
preclude its applicability to commercial buildings.9 Since the sensor is in the forest, it does 
not have a hardwired power source but requires frequent battery replacement. Also, several 
communication towers or wireless repeater systems would have to be installed to allow the 
sensor transmissions to reach the network receivers, which would be too expensive to 
implement, making the product unfeasible.10 Thus, while the proof of concept is promising, 
it does not satisfy the needs of a test in an enclosed space. 
This literature review demonstrates that the sparse information on wireless sensor 
network systems does not provide a test to reduce elapsed time in pinpointing the fire 
location inside buildings. Therefore, this study intends to fill the gap and provide a clear 
 
7 John Hunt, “FirstNet for: 9-1-1/Emergency Communications,” FirstNet Authority, accessed June 24, 
2019, https://firstnet.gov/public-safety/firstnet-for/9-1-1-emergency-communications. 
8 Albert S. Lutakamale and Shubi Kaijage, “Wildfire Monitoring and Detection System Using 
Wireless Sensor Network: A Case Study of Tanzania,” Wireless Sensor Network 9, no. 8 (2017): 274–89, 
https://doi.org/10.4236/wsn.2017.98015. 
9 Lutakamale and Kaijage. 
10 Lutakamale and Kaijage. 
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proof of concept for the use of wireless sensor network technology in the fire service for 
inside locations.11 
C. RESEARCH DESIGN 
The research design for this thesis employed a proof-of-concept method. 
Completing a proof of concept will identify if this design concept has a real-world 
application.12 Therefore, a proof of concept does not have to provide a complete deliverable 
because it only determines feasibility. Therefore, part of this thesis proposes an experiment 
to test the technology and physical components of the system being designed. 
1. Method 
The outline of the research design follows Heilmeier’s Catechism, a method for 
evaluating projects used by the Defense Advanced Research Projects Agency.13 
a. What am I trying to do? 
This thesis involved developing design guidelines for a wireless fire sensor system 
coupled with a building information database. Furthermore, a basic prototype of a proposed 
system will be developed and tested. The prototype system will consist of a wireless sensor 
that is capable of detecting and measuring smoke and temperature and transmitting that 
information to a fire control panel to be relayed to the responding fire department. This 
prototype system will be implemented in a fire test facility to determine whether the use of 
networked sensors will reduce response time.14 
 
11 Seth Gottlieb, “POC, Prototype, or Pilot? When and Why,” Content Here (blog), March 6, 2017, 
http://www.contenthere.net/2007/03/poc-prototype-or-pilot-when-and-why_92.html. 
12 Richard Becker, “Proof of Concept (POC),” Techopedia, July 17, 2019, https://www.techopedia.
com/definition/4066/proof-of-concept-poc. 
13 “The Heilmeier Catechism,” Defense Advanced Research Projects Agency, accessed July 12, 2019, 
https://www.darpa.mil/work-with-us/heilmeier-catechism. 
14 Gottlieb, “POC, Prototype, or Pilot?” 
6 
b. How is it done today, and what are the limits of current practice? 
Currently, firefighters receive information regarding the location of the fire from 
the alarm company, and current fire code standards require that all smoke alarms be labeled 
with a number or name of location. However, no physical map on site allows firefighters 
to identify where that smoke alarm may be without having a staff member there. Therefore, 
firefighters receive alerts as to smoke or heat inside the building, but the current fire alarm 
system does not provide an accurate location. Furthermore, in the event that a fire occurs 
inside an open building, such as a warehouse like Walmart, even if a map were on site to 
help identify labeled smoke alarms, the fire may set off dozens of smoke alarms. Therefore, 
this system does not give firefighters an advantage in areas with multiple smoke alarm 
activations. 
c. What is new in your approach, and why do you think it will be successful? 
The system’s hardware will be built using an Arduino Nano board or a similar one 
to connect GPS, temperature sensors, an altimeter, and cell system components. The basic 
hardware construction will be carried out using a mechanical engineering undergraduate 
design group at California Polytechnic State University, under the direction of Professor 
Thomas Mackin. Once the sensor’s hardware is complete, I will then create a database 
application to which the hardware can transmit its data. This wireless cloud-based 
application will be designed to allow users access to the information externally, so 
firefighters may access the information being transmitted through the sensor from 
computers in their command vehicle. Such a concept should be successful because if a 
commander has an accurate reading of temperature inside the building, he can send crews 
in a direction based on factual data, rather than the observation of the amount and location 
of smoke coming from the building. 
d. Who cares? If you are successful, what difference will it make? 
A successful outcome for this thesis means that fire departments across the country 
instantly reduce the risk of injury to firefighters when sending them inside a commercial 
building. As mentioned in the previous subsection, an unsuccessful outcome means that 
the fire commander on the scene of a commercial fire will have to make gut decisions as 
7 
to the location of the fire based on his ability to read the velocity, origin, and color of the 
smoke to determine the locale, heat, and risk to the firefighter. 
e. What are the limits? 
The proposed research is enabled by novel hardware to support an experimental 
study of response effectiveness. Furthermore, its application will be limited to the use of 
wireless sensor networks in commercial buildings. This study will also focus on firefighter 
deaths related to zero-visibility conditions and the misreading of smoke upon arrival that 
contributed to firefighter injuries or deaths, as opposed to firefighter fatalities in 
commercial structures. 
f. How much will it cost? 
An individual sensor can be fabricated for less than $100 (retail) with parts 
available from Amazon or other retailers. The cost of a sensor that recognizes the presence 
of smoke, determines the temperature, measures oxygen content, and monitors carbon 
dioxide levels is cheaper than the current standard smoke alarm, which detects only smoke 
and costs approximately $125–$150 (retail). 
g. What are the mid-term and final “exams” to check for success? 
For my research, I used a proof-of-concept method for the design. This method was 
chosen because it would determine whether the WSN that I created could reduce the 
elapsed time inside a commercial building by providing a digital layout of the building and 
a temperature reading to help locate the source of the fire. 
2. Steps for Analysis 
A future trial evaluation can be conducted by gathering four firefighting crew 
members. Each crew will consist of four individuals: one captain and three firefighters. 
The experiment will take place in a commercial building, the layout of which will be 
provided. The fire crew will participate in two scenarios, and the crew will remain the same 
for both. In the first scenario, the fire crew will enter the structure with instructions to locate 
the fire. The information provided by the incident commander will be that the building is 
8 
unoccupied and that he arrived and found light smoke showing from the A-side (main 
entrance) of the building. The crew will then enter a completely dark commercial building, 
at which point the timer will start. The time will not stop until the crew has successfully 
located the fire. The fire will be represented by a space heater. Firefighters must locate the 
space heater using their thermal imaging cameras. In the second scenario, the fire 
conditions will be the same—the incident commander will report light smoke showing 
from the A-side of the building. However, the commander will also provide the arriving 
crew with the digital layout of the building to review quickly. The room with the highest 
temperature will be highlighted on the digital layout. Once all crew members enter the 
building, the timer will start, and it will stop once the fire, also represented by a space 
heater, has been located. Following the completion of the scenario, a calculation will be 
completed to determine the average time it took the crew to complete each scenario. If the 
second scenario has the fastest time, then the proof of concept will be confirmed.  
9 
II. FIREFIGHTER SAFETY
Understanding firefighter safety starts with identifying key firefighter issues that 
are unique to the industry. Relevant to this study is the art of reading smoke. The 
firefighter’s ability to accurately read smoke during his initial size-up of the scene 
determines the strategic decisions he will make to put out the fire. 
A. READING SMOKE
Reading smoke is a learned skill to gauge the stage of the fire—ignition, growth,
fully developed, or decay. A fire officer reads the smoke during the initial “size-up,” 
defined as the evaluation of problems confronted within a fire situation. The size-up starts 
upon the first unit’s arrival on scene and continues until the fire is under control. Carried 
out continually and by different firefighters at each fire or emergency event, the size-up 
process passes up the chain of command to higher-ranking personnel as other units arrive.15 
In order for a person conducting the size-up to make a tactical decision, he must know how 
to read the levels of smoke, which requires evaluating such factors as color, volume, 
velocity, and density of the smoke. Furthermore, a person making the tactical decision must 
then determine the stage of the fire. The first phase is light smoke, often described by 
firefighters arriving to a residential or commercial structure as gray smoke coming from 
the building (see Figure 1). At this phase, the smoke does not move with much velocity, 
can be concentrated or unconcentrated, and comes from one or multiple sides of the 
structure through windows, doors, or eaves. 
15 Michael M. Dugan, “Size-Up,” Firehouse, April 12, 2003, https://www.firehouse.com/photo-story/
article/10559778/sizeup. 
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Figure 1. Light Smoke Conditions16 
As the fire progresses, it will move into the next stage, pre-flashover. A fire may 
be in pre-flashover, but fire officers may still choose to call this stage light smoke. The 
difference between the first stage and pre-flashover is that the fire has reached more fuel, 
thus causing the smoke to move with higher velocity and the flames to become visible, 
creating darker smoke. Flashover then follows pre-flashover, once the gases released from 
the fire reach temperatures in excess of 1112° F, the surfaces that are exposed to this high 
heat will begin to simultaneously combust, thus allowing the fire to grow quickly.  This is 
the most dangerous stage of fire development because it has the ability to flash, thus 
causing entire rooms to catch fire simultaneously.17 More importantly, it can create a 
backdraft, a more rapid and explosive flashover whereby the fire burning in a confirmed 
area consumes all the oxygen inside the room, the visible flames disappear, and the gases 
then expand and allow the pressure to build. Some have reported that backdraft makes the 
building appear as if it is breathing or throbbing, as the building expands and releases puffs 
of smoke. The danger comes when someone admits oxygen through an opening: the 
16 Source: “Smoke Showing Image,” FireCompanies, accessed October 10, 2019, http://www.
myfirecompanies.com/news_popupimage.php?image=http://www.myfirecompanies.com/temp/
188855_orig.pjpeg&caption=Smoke%20showing&w=800&h=600&noRc=Disable. 
17 Kristy D. Thompson, “Fire Dynamics,” National Institute of Standards and Technology, July 17, 
2018, https://www.nist.gov/el/fire-research-division-73300/firegov-fire-service/fire-dynamics. 
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vaporized fuels then burst into flames, and the pressurized gases explode through the 
opening, resulting in a fireball that can cause serious harm to a firefighter. 
 
Figure 2. Light Smoke (Pre-flashover)18 
Once flashover has occurred, as shown in Figure 3, flames will most likely be 
visible, signaling that the fire has transitioned to the next stage, where the fire grows at a 
much higher rate—of three to five times its size every minute. This growth will progress 
to the fully developed stage, which, from the perspective of a firefighter or fire officer 
arriving on scene, is unmistakable given the heavy dark smoke, heavy in volume and high 
in velocity, as shown in Figure 4. 
 




Figure 3. Post-flashover19 
 
Figure 4. Heavy Smoke Post-flashover20 
Reading smoke is a critical skill for a firefighter, yet no matter the skill level, rank, 
or tenure of a firefighter or fire officer, smoke can be very misleading, especially in a 
 
19 Source: Eisner, “Bail Out!” 
20 Source: Marty Dashiell, “Excellent Raw Video with Turbulent Smoke Conditions in Joplin, MO 
11–15-2015,” Chicago Fire Wire (blog), November 22, 2014, http://www.chicagofirewire.com/engine-
company-operations/excellent-raw-video-turbulent-smoke-conditions-joplin-mo-11-15-2015/. 
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commercial building. Smoke from inside a commercial building can deceive even the most 
experienced fire officers because the structural design and components are completely 
different from those of residential structures. Commercial buildings are mandated by fire 
code to have a higher level of fire protection than an average home. For example, most 
commercial buildings use ¾ in. thick drywall boards as opposed to the ¼ in. thick drywall 
boards found in residential homes. That difference in thickness translates to 30 minutes of 
additional fire protection. A wall should be rated 15 minutes for every quarter inch of 
drywall used. Thus, if a wall has 2 in. thick drywall, in theory, it should protect the other 
side of the wall from the fire for not less than two hours. Therefore, the standard for most 
commercial buildings requires the use of ¾ in. thick drywall. 
This difference in drywall is important because the more fire-retardant features 
within a structure, the harder it is for the fire to spread and flame to show. However, if a 
commercial building has 10 rooms and the entire building is rated with two-hour fire walls, 
then the whole building will likely be filled with smoke before the fire moves to the next 
room. Therefore, if firefighters were to go inside the building, they would have to check 
all 10 rooms to find the fire. Any delay in finding the correct room provides time for the 
fire to continue burning and increasing temperature, increasing the probability of structural 
damage that could injure or trap the responders. A report by the National Institute for 
Occupational Safety and Health (NIOSH) identified the initial size-up (reading of smoke) 
to be a main contributing factor in 17 deaths over a four-year period (see Table 1). In 
addition, a NIOSH investigation of nine firefighter fatalities in a 2007 fire established that 
the size-up of the structure had not been complete.21 
21 “Nine Career Fire Fighters Die in Rapid Fire Progression at Commercial Furniture Showroom—
South Carolina,” National Institute for Occupational Safety and Health, February 11, 2009, https://www.
cdc.gov/niosh/fire/reports/face200718.html.
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Table 1. NIOSH Factors Contributing to Firefighter Fatalities, 2000–200422 
 
 
B. ZERO-VISIBILITY CONDITIONS 
Prolonged zero-visibility conditions occur when a firefighter has been exposed to 
heavy smoke conditions for longer than 15 minutes.23 As pictured in Figure 4, heavy smoke 
conditions are typically defined by dark brown or black smoke, super-heated gases, and 
smoke density that renders a site impossible to navigate with only the naked eye. These 
conditions increase the chances of becoming disoriented inside a structure, which could 
lead to injury or death. The 17 fatalities due to incident command size-up (see Table 1) 
were a result of fire conditions being different from what the incident command presumed 
when making a tactical decision after the initial size-up. Figure 5 illustrates a possible 
sequence of events that those 17 firefighters experienced. 
 
22 Source: Scott R. K. Lawton, “Improving Firefighter Survival on the Fireground” (applied research 
project, National Fire Academy, 2005), 20, https://www.hsdl.org/?view&did=489469. 
23 Robert Avsec, “Firefighters and Smoke Disorientation,” Fire & EMS Leader Pro (blog), June 30, 
2015, http://www.fireemsleaderpro.org/2015/06/30/firefighters-smoke-disorientation/. 
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Figure 5. Firefighter Disorientation Sequence24 
Those firefighters died as a result of searching for the fire in zero-visibility conditions. 
Another risk of searching for a fire in these conditions is that firefighters are at greater risk 
of getting lost; seven fatalities listed in Table 1 were a result of firefighters’ becoming lost 
while searching for the fire. 
Prolonged zero-visibility conditions pose a unique threat since they make it harder 
for the firefighters to exit a structure. The dangers associated with zero visibility in an 
enclosed structure are different from when firefighters are in an open structure. An open 
structure has large windows or doors that allow for sufficient ventilation and multiple 
routes for emergency evacuation. Enclosed structures do not have enough windows and 
doors to allow rapid ventilation during an emergency situation, basements are also included 
as an enclosed structure.25 Therefore, fighting a fire in an enclosed structure increases the 
fatality rate for several reasons. 
24 Source: Avsec, “Firefighters and Smoke Disorientation.” 
25 Avsec. 
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Therefore, this environment decreases the probability of finding an alternate path 
of egress. Open structures have their own risks. For example, during a fire at the Super 
Sofa warehouse in Charleston, South Carolina, where nine firefighters died, firefighters on 
the outside of the fire broke exterior windows out of the store front, introducing more 
oxygen to the fire and creating a more dangerous environment. Furthermore, air 
consumption times vary based on the manufacturer, the time a firefighter may spend inside 
these zero-visibility conditions can surpass the consumption time which is critical to note 
because a firefighter is prone to making a mistake while under the additional stress of 
running out of breathable air.  
Additionally, firefighter fatalities were 23 percent when firefighters were inside an 
“open structure” preforming an aggressive offensive interior attack, according to Mora’s 
report, that percentage occurred due to firefighter disorientation.26 On the other hand, the 
percentage of fatalities rose to 77 percent when an aggressive offensive interior attack 
occurred in an “enclosed structure” due to disorientation.27 However, many of the 
firefighters that died inside the “enclosed structures” should not have entered those 
buildings at all.28 As mentioned earlier in this thesis, open structures pose a great danger 
due to a greater flow of oxygen to feed the fire, increasing the fire’s growth rate. Moreover, 
the enclosed structures present unique dangers when firefighters encounter rapid fire 
growth and have no obvious exit paths. On rare occasions, firefighters on the exterior may 
even cut an opening into the building if those inside have the ability to provide them with 
an accurate location. However, crews are more likely to apply this technique when a 
firefighter becomes trapped, rather than disoriented. 
 
26 Mora, U.S. Firefig William R. Mora, U.S. Firefighter Disorientation Study: 1979–2001 (San 





Figure 6. Firefighter Cutting an Exit Hole in a Wall29 
Firefighters are even put through rigorous training to teach them to navigate their 
way out of a building if they become disoriented. This training might consist of placing 
firefighters inside an open room—normally inside the fire station’s vehicle bay—and 
blocking their vision. The instructor spins the firefighters around one time, walks them 
around the bay floor, spins them around two or three more times, and then releases the 
firefighters to find an exit. The training often employs hose lines on the floor for them to 
follow. The success rate is not often high because firefighters must navigate obstacles such 
as chairs, tables, or other objects that the training officer many deem relative for the type 
of structure they are replicating. Even though the firefighters have the option to follow the 
hose line to the truck, kinks in the hose often send them in the wrong direction; 
alternatively, the fire hose might be burned or an obstruction might simulate a structural 
collapse on the hose that prohibits the firefighters’ ability to use the hose. Therefore, 
29 Source: Cliff Newell, “LO Firefighters Get Rare Training Exercise,” Lake Oswego Review, 
November 21, 2013, https://pamplinmedia.com/lor/48-news/201937-lo-firefighters-get-rare-training-
exercise. 
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disorientation in prolonged zero-visibility conditions is a known and serious issue that 
firefighters encounter, yet it has ultimately led to many firefighter deaths. 
C. DECREASING FIREFIGHTER INJURIES 
This thesis couples the sensor technology with commonly used thermal imaging 
cameras (TICs), which eliminate disorientation by giving firefighters a better sense of 
direction. TICs are the only eyes a firefighter has in a zero-visibility environment, but they 
lack the capability of seeing through walls, instead sensing only elevated heat signatures. 
Therefore, combining the strengths of this technology with other solutions will create a 
safer tool for firefighters. For this concept, TICs are synced with the fire alarm panel via 
Wi-Fi connection and have the capability of Bluetooth and Wi-Fi connectivity with mobile 
devices for real-time viewing. Decreasing prolonged zero visibility by decreasing the time 
required to locate the fire will reduce firefighter injuries and death by virtue of elimination. 
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III. TECHNOLOGY AND CONCEPTUAL DESIGN OF THE
SENSOR 
The intent of integrating wireless sensor technology is to reduce the time 
firefighters spend locating a fire inside a commercial building. Currently, when a fire alarm 
system is activated, the activated device sends a signal to the main panel with the name of 
the device and perhaps number or room name. However, fire code does not specify how to 
name devices: they could simply be numbered sequentially (i.e., 1, 2, 3, 4) if the fire code 
official allowed the company to list the devices in that manner. Most devices tend to be 
labeled by the room they are in, such as main entrance, front office, or cafeteria. While this 
convention works well during small events, false alarms, or light smoke conditions, it does 
not work well during heavy smoke conditions, especially if the fire occurs during a time 
when the building is non-operational and no staff are present to tell the firefighters where 
the smoke alarm labeled “staff breakroom,” for example, is located. 
Traditional ionization or photoelectric smoke alarms may be located through the 
current system of fire alarm systems. A large portion of required systems, especially 
systems in schools or public facilitates, are equipped with a control annunciator panel that 
lights up the room or area where the smoke alarm has been activated, as seen in Figure 7. 
This system functions well in many situations but fails when smoke from the fire in one 
room has caused smoke alarm activations in other rooms, which is typically the case by the 
time the fire department has been notified, established command, and gained access to the 
fire alarm panel. 
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Figure 7. Control Annunciation Panel30 
Whatever the type or number of alarms, and whatever their numbering or naming 
convention, firefighters are at risk in the absence of direct knowledge of the layout of a 
building—an impossibility even in a smaller county such as Lexington County, South 
Carolina, which has fewer than 10,000 businesses but only two battalion chiefs. Smoke 
and fire alarms are certainly useful and necessary. However, they are insufficient to provide 
firefighters with the detailed and reliable fire location information to facilitate successful, 
timely movement through the building, extinction of the fire, and egress from the building. 
Imagine being inside a school, in a wing with twenty rooms—ten rooms on each 
side of the main hallway. A fire breaks out in the last room on the right. The teacher has 
left the room door open, causing smoke to flow into the hall and into the next six rooms, 
though the fire itself has not spread beyond the original room. When the fire commander 
arrives and approaches the panel, he sees twenty-two activated alarms: one for each of the 
rooms and two for the hallway smoke alarms. He sends firefighters inside the building to 
attack the fire, but they experience zero-visibility conditions at the end of the wing from 
the amount of smoke. Instead of knowing to go directly to the last room on the right, they 
spend countless minutes searching at least the first nine rooms on the right side of the 
30 Source: “‘A’ Series LED Graphic Annunciators/Mimic Panels,” Graphics National, accessed 
February 8, 2021, http://www.graphicsnational.com/graphicannunciators. 
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hallway (if they are performing a right-hand search) or possibly the ten rooms on the left 
side before they reach the fire in the last room on the right. By this time, the fire is three 
times its original size and has traveled into the ceiling grid, along the space between the 
ceiling tiles and the roof, and across the top of the firefighters’ heads, unbeknownst to 
them. It traps them inside the wing, forcing them to look for an alternate path to exit the 
building. 
With the sensor in place, they would have known about the eight smoke alarm 
activations. They would also have received temperature readings indicating the last room 
on the right was over 2,000 degrees, versus the other five rooms at less than 400 degrees. 
This knowledge would have enabled them to send the first fire attack team inside to make 
a quick advancement directly to the fire while other teams performed a thorough primary 
search of the remaining rooms. 
A. SENSOR COMPONENTS 
This section introduces the various components used to build the sensor, as well as 
their product descriptions. The chronological order of these components is not a factor as 
they can be installed in various orders without compromising the integrity of the sensor. 
The first item is the base, which was built using an Arduino Mini Nano V3.0 ATmega328P 
microcontroller board (see Figure 8). 
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Figure 8. Arduino Mini Nano V3.0 ATmega328P Microcontroller 
Board31 
An Atomic Market MQ2 DC 5V propane ethanol gas sensor detection module for 
LPG propane hydrogen was the next component used to build the sensor (see Figure 9). 
 
Figure 9. Atomic Market MQ2 DC 5V Propane Ethanol Gas 
Sensor32 
 
31 Source: “Arduino Nano,” Arduino Official Store, accessed December 16, 2020, https://store.
arduino.cc/usa/arduino-nano. 
32 Source: “MQ2 Gas Sensor,” Components101, accessed December 16, 2020, https://components101.
com/mq2-gas-sensor. 
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The next component used to build out the sensor was a TMP36 temperature sensor 
(see Figure 10). 
 
Figure 10. TMP36 Temperature Sensor33 
An Arduino NEO-6M GPS module was the next component used to build the sensor 
(see Figure 11). 
 
Figure 11. Arduino NEO-6M GPS Module34 
 
33 Source: Lady Ada, “TMP36 Temperature Sensor,” Adafruit, July 29, 2012, https://learn.adafruit.
com/tmp36-temperature-sensor/using-a-temp-sensor. 
34 Source: T. K. Hareendran, “NEO-6M GPS Module—An Introduction,” Electro Schematics, April 4, 
2019, https://www.electroschematics.com/neo-6m-gps-module/. 
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The last component was a Adafruit Feather 32u4 Bluefruit LE, used to process all 
of the components listed to create the capabilities described as the intent of the sensor (see 
Figure 12). 
 
Figure 12. Adafruit Feather 32u4 Bluefruit LE35 
B. THEORETICAL DESIGN OF A NEW FIRE ALARM PANEL THAT 
RECEIVES THE DATA 
Requirements for fire alarm panels are set by the National Fire Protection 
Association (NFPA) in NFPA 72: National Fire Alarm and Signaling Code, which states 
the system must include a smoke detector, a heat detector, or a hand-activated pull switch.36 
A flow switch shall also be required if the building has a fire sprinkler system. A flow 
switch will send a signal to the main fire alarm panel to notify the system of water actively 
 
35 Source: “Feather 32u4 Bluefruit LE,” Digi-Key Electronics, accessed December 16, 2020, 
https://www.digikey.com/catalog/en/partgroup/feather-32u4-bluefruit-le-with-stacking-headers-assembled/
74212. 
36 National Fire Protection Association, National Fire Alarm and Signaling Code, NFPA 72 (Quincy, 
MA: National Fire Protection Association, 2019), https://www.nfpa.org/codes-and-standards/all-codes-and-
standards/list-of-codes-and-standards/detail?code=72. 
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flowing though the pipes.37 If a flow stich is activated, NFPA 72 requires an audible (local  
bell) and or a visual alarm activate. Additionally, if required, the flow switch may also alert 
emergency services. 
Fire alarm panels are not traditionally able to supply fire sprinkler heads with water. 
Sprinkler heads are designed to activate when the bulb in the sprinkler head bursts in 
response to the bulb’s reaching a designated ambient temperature. However, deluge valves, 
which can be opened and closed by the fire control panel, must distribute fire suppressant 
to all sprinkler heads where deem necessary. 
In some buildings, most typically hospitals and schools, the fire alarm system can 
lock or unlock doors, disable elevators, turn off the electricity, and shut off or turn on part 
or all ventilation systems—which is referred to as a global shutdown.38 The fire alarm 
control panel can be integrated with other systems in the building such as a security system. 
However, the other integrated features must not impede with the functionality of the fire 
alarm system, no matter the situation, therefore it’s often that these systems are integrated. 
Therefore, by design, fire alarm control panels have the capability of serving 
multiple functions. Making fire alarms compatible with the sensor and TIC would require 
additional Wi-Fi access dedicated to the sensors and TIC technology. Fire alarm control 
panels are already equipped with a minimum of two sources of communication, including 
Wi-Fi calling devices, and thus have the component to receive an additional Wi-Fi port. 
The panels would then need to be equipped with a GPS receiver that could transmit the 
location of GPS trackers from the activated sensors. In addition, a computer-generated 
GeoMap of the building would need to be programmed into the fire alarm panel’s hard 
drive to send mapping coordinates to the TICs once they access the Wi-Fi connection and 
request the location of the hottest activated sensor. 
 
37 National Fire Protection Association. 
38 National Fire Protection Association. 
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C. THERMAL IMAGINING CAMERAS 
A TIC creates a picture through its camera lens by transmitting infrared radiation 
from an object to create a picture of the object, the image shown through the TIC represents 
the temperature of the object.39 Coupling the sensor technology with a thermal imaging 
camera could eliminate firefighters’ becoming disoriented by giving them a better sense of 
direction. The TIC would be connected to the fire alarm panel via Wi-Fi connection. TICs 
already have the capability of Bluetooth and Wi-Fi connectivity with mobile devices for 
real-time viewing. 
Therefore, such TICs will be developed for compatibility with the fire alarm panel. 
In order for TICs to be useful, a three-dimensional model of the building’s layout must be 
installed in the panel’s hard drive. Since the sensors will be equipped with GPS, the panel 
will report a GPS signal to a TIC once the two have synced, thus leading firefighters to the 
hottest sensor. Not only will information from the panel be transmitted to the TIC, but the 
information will also be available to the fire commander via web access. All information 
will be available through a website, and the fire commander can log into the website using 
the log-in and passcode information available on the panel. Firefighters can view in real 
time the video feed from any TIC that has signed on to the panel network, not to mention 
have access to the temperatures from any activated sensor inside the building to evaluate 
the fire flow and progression. 
D. TRAINING REQUIREMENTS 
The heavy training requirements for fire protection systems remain the 
responsibility of the local fire marshal or fire code official. While the system would have 
new and unexplored features, it would be no different from previous new requirements for 
fire alarm systems. The recommendations or standard would be created or mandated by 
NFPA 72 and then adopted by the International Fire Codes (IFCs). Fire code officials learn 
of changes to any fire code by when new items are highlighted in the IFC book. The IFC 
book is revised every three years, but fire code officials may also be notified of more 
 
39 Margaret Rouse, “Thermal Imaging,” Tech Target, April 2011, https://whatis.techtarget.com/
definition/thermal-imaging. 
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strategic changes to code via email or written publications if the person or agency has 
registered to receive newsletters from the NFPA or IFCs. The changes they may give 
advance notice of are typically changes that require additional training or a high cost for 
consumers, which may cause political debate within a jurisdiction. Once the fire code 
official has learned about the changes, he or she has the option to contact the fire alarm 
company to schedule a training session, as many code officials do when a new product is 
released. For example, during my tenure as a fire marshal in Lexington, South Carolina, I 
attended annual training seminars hosted by a fire protection company called TYCO, which 
specializes in fire alarm and protection systems.40 Once fire marshals or fire code officials 
have learned of changes, they traditionally notify their respective agencies of anything that 
might affect their departments and plan training or send out information accordingly. 
  
 
40 “Tyco Fire Products,” Tyco, accessed January 16, 2020, https://www.tyco-fire.com/. 
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IV. DETAILS FOR A FUTURE EXPERIMENT 
A future experiment should be conducted to test the sensor under simulated 
conditions. During the experiment, several trained fire crews will be tasked with locating 
a simulated fire to test the functionality and efficiency of the new sensor against those of 
the current method. 
A. DESIGN OF AN EXPERIMENT 
The experiment should be designed to show the time elapsed for a fire crew to 
locate a fire with the current fire alarm standards and with the new sensor created. The 
experiment should be completed by three fire crews composed of four firefighters each. 
Each crew will be given the same briefing: that they are responding to a reported 
commercial structure fire, and upon arrival, there is a light amount of dark gray smoke 
coming from the alpha side (main entrance) of the building. The size-up will remain 
constant through each evolution. Each crew will complete the scenario with current smoke 
alarms once and with the new sensor once. The firefighters will be allowed to use any tools 
or firefighting accessories available to all public fire departments. Any tools and 
accessories used will be provided to all three fire crews. 
The time will not start until the fire crew leader radios to the incident commander 
that the crew is entering the structure, and the time will not stop until a crew member radios 
to command that he has located the fire, and it has been confirmed by an evaluator. The 
incident commander will have the same information as the three firefighting crews but will 
also receive notification from dispatch, relayed from the alarm company, that seven smoke 
alarms have activated, and the initial alarm was reported in breakroom 207. There is no 
key holder on scene, and the alarm company has not made contact with any persons. The 
fire crews will be prohibited from talking to any other participating fire crews until all three 
crews have successfully completed the entire experiment. Each fire crew will enter the 
building with 200 ft. of 1¾ in. hose—the nozzle type and fire hose manufacturer may vary. 
The fire crews cannot charge the attach line until they have located the fire to ensure a 
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consistent weight of the hose. Last, the fire will be placed within the back half of the 
building. 
1. Layout of the Commercial Building 
The building will be no smaller than 12,000 sq. ft. The building in Figure 13 is 
100 ft. by 120 ft. The square footage of each room within the building may vary, but the 
configuration of the rooms will not be compromised. 
 
Figure 13. Building Layout 
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2. Smoke and Heat Conditions 
The fire conditions will be a constant in all six evaluations. Smoke machines will 
be used to simulate the light smoke conditions that crews experience upon arrival. Then, 
additional smoke machines will be used every minute the fire crews perform the fire attack 
until they locate the fire to ensure the accumulated smoke maintains zero-visibility 
conditions. 
B. HOW TO MEASURE THE EXPERIMENT 
The experiment will be measured based on the times recorded for each crew to 
locate the fire. To ensure the highest accuracy, the following exercise controllers will 
remain a constant through the entire experiment: time keeper, individual confirming the 
crews have located the fire, the fire starters, and the incident commander. Safety and health 
officials can vary. 
Each of the three fire crews will enter the building after radioing the incident 
commander that they are entering the building, at which point the official timer will start 
for that crew. The time will stop once a crew member radios the incident command that 
the crew has located the fire, with the individual confirming that the crew has successfully 
located the fire by using the phrase “mission complete” in the radio transmission. An audio 
recording of the radio transmissions will be maintained for redundancy in the event of radio 
miscommunication or malfunction. Once the times from all three teams have been 
recorded, the average of the three crew times will be the time expended to locate the fire 
without the new sensor. Just as all settings will remain the same for the experiment with 
the sensor, the times will be recorded from all three teams and averaged when the crews 
locate the fire with the new sensor. 
C. HOW TO ANALYZE THE RESULTS 
The results of the experiment will be decided based on the average time taken to 
locate the fire. In the event that the lowest time is awarded to the new sensor, that result 
will provide supporting evidence for the need to pursue further development of the new 
sensor technology. However, in the event that the new sensor does not provide firefighters 
32 
with the ability to locate the fire faster, further research will be completed to help reduce 
the time firefighters spend attempting to locate the fire, which contributes to firefighter 
fatalities and injuries. 
D. CONCLUSION 
Firefighters will continue to enter buildings without advance knowledge of the 
fire’s location with the expectation that traditional commercial smoke alarms give only a 
location—described by someone who may not be on scene to provide the firefighters with 
a small sense of direction. As written in this thesis, firefighters are unlikely to enter 
buildings that they are familiar with, so even without the presence of smoke, they are 
walking into an unknown place. Wireless sensor technology has many capabilities that can 
be transformed to create a safer environment for firefighters while they are risking their 
lives. The components necessary to drive a successful partnership between firefighters and 
technology are at our finger tips. 
E. RECOMMENDATIONS 
Firefighter safety should be as high a priority as citizens’ life safety and property 
conservation. The International Code Council (ICC)’s publication of the IFCs that many 
jurisdictions across American have adopted provides exceptional guidance for fire 
marshals and building code officials to ensure citizens in their communities are living in a 
safer environment. However, the ICC has yet to adopt codes that provide greater safety for 
firefighters entering a building once other fire safety measures have failed. To decrease the 
number of firefighter injuries and fatalities as a result of disorientation, the ICC should 
work with members of its council to ensure that the latest technological advances in 
wireless sensor technology, as well as the many components of FirstNet, are being 
implemented in its next iteration of code recommendations. The safety of firefighters and 
citizens should be a lobbying tool.   
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